Abstract. Adenoid cystic carcinoma (ACC) is one of the most common types of salivary gland malignancy in the head and neck, and its aggressive ability to invade and metastasize is an important reason for its poor survival rates. Our previous investigations confirmed that autophagy-associated gene expression is closely associated with the occurrence and development of ACC. On this basis, the present study further investigated hypoxia-induced autophagy and its role in tumor invasion. Cobalt chloride (CoCl 2 ) was used to mimic hypoxia. The results of the present study indicated that autophagosome formation and upregulation of autophagy-associated microtubule-associated protein 1 light chain 3 and Beclin 1 were observed in ACC-M cells in response to CoCl 2 . The hypoxia-inducible factor 1α/B cell lymphoma 2/adenovirus E1B 19K-interacting protein 3 signaling pathway was involved in hypoxia-induced autophagy in ACC. Furthermore, inhibition of autophagy by chloroquine markedly attenuated the tumor invasion induced by mimetic hypoxia in ACC. These results suggested that hypoxia-induced autophagy may serve as a potential target for the future treatment of ACC.
Introduction
Adenoid cystic carcinoma (ACC) is an aggressive type of malignancy, which develops in major and minor salivary glands and rarely in other sites. ACC accounts for ~10% of all neoplasia of the salivary glands, 22% of all salivary gland malignancies, and ~1% of all head and neck malignancies (1) (2) (3) . A hallmark of ACC is its aggressive ability to invade and metastasize. It is currently accepted that local disease requires treatment by local radical excision and postoperative radiotherapy, while chemotherapy may have a limited benefit for advanced ACC (4, 5) . Tumor cells are characterized by high proliferation rates and demand for oxygen and nutrients. However, the abnormal structure and function of the vascular network leads to inadequate blood flow and fails to satisfy tumor cell demand for oxygen and nutrients, which contributes to the formation of a hypoxic microenvironment (4) . It is widely accepted that hypoxia is intricately associated with tumor aggressiveness, angiogenesis, increased rates of reoccurrence and chemotherapy resistance (6) .
Hypoxia-inducible factor-1 (HIF-1) is an important heterodimeric transcription factor composed of a labile HIF-1α subunit and a stable HIF-1β subunit (7) . Under normoxic conditions, HIF-1α is degraded proteasomally; whereas under hypoxic conditions, HIF-1α is stabilized and moves to the nucleus where it freely forms a complex with HIF-1β, which in turn binds to hypoxia response elements and induces the transcription of several genes, including >60 genes activated by HIF-1 (8, 9) . The expression of HIF-1α has been detected in ordinary and transformed ACC, and occasionally in normal salivary tissues adjacent to the tumor (10) . Previously, HIF-2α, one of the three homologues of the HIFα subunit, has also been observed in ACC tissues, and correlated with invasion and metastasis (11) . On the basis of these findings, HIFs may be important in the aggressive behavior of ACC.
Autophagy is an important intracellular process involved in the degradation and recycling of cytosolic material, which is essential for the maintenance of cellular biosynthesis (12) . Accumulating evidence supports a controversial role for autophagy in cancer, as autophagy enables tumor cells to tolerate adverse stress conditions, including hypoxia, and autophagy may protect cells through damage mitigation, which may limit tumorigenesis (13) . Our previous study investigated 79 patients with head and neck ACC, and observed the expression levels of autophagy-associated protein 1 light chain 3 (LC3) and Beclin 1. The results indicated that LC3 and Beclin 1 may be important in the tumorigenesis of ACC (14) . Furthermore, inhibition of autophagy enhanced chemotherapy efficacy in ACC (15) , and these results were concordant with those of and Ma et al (16) . Therefore, further studies on autophagy and a better understanding of the role of autophagy in ACC is essential for future developments in its treatment Previous studies have uncovered several associations between hypoxia and the induction of autophagy (12, 13) . However, t he mole cu la r me cha n ism u nderlyi ng hypoxia-induced autophagy in ACC remains to be elucidated. Considering the correlation between hypoxia and tumor invasion in ACC (11), whether hypoxia-induced autophagy is associated with tumor invasion in ACC also remains to be elucidated. In the present study, ACC-M cell lines were treated with the hypoxia mimetic cobalt chloride (CoCl 2 ) to investigate the levels of hypoxia mimetic-induced autophagy in salivary ACC cells and its effects on tumor invasion.
Materials and methods
Chemical reagents and antibodies. CoCl 2 , chloroquine (an inhibitor of autophagy) and antibodies targeting LC3B were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies targeting HIF-1α and B cell lymphoma 2 (Bcl-2)/adenovirus E1B 19K-interacting protein 3 (BNIP3) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Antibodies targeting Beclin 1 and GAPDH were purchased from Abcam (Cambridge, MA, USA).
Cell culture. The ACC-M cell lines were obtained from Professor Wantao Chen (Department of Oral and Maxillofacial Surgery, Ninth People's Hospital, College of Stomatology, Shanghai Jiao Tong University, Shanghai, China), and were maintained in culture with Dulbecco's modified Eagle's medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen Life Technologies) in a humidified atmosphere containing 5% CO 2 at 37˚C. To induce a hypoxic environment, the cells were plated on a 35 mm dish and, after 24 h, were cultured in medium supplemented with CoCl 2 in an atmosphere containing 5% CO 2 at 37˚C.
Cell viability assay. Cell viability assays were performed using an MTT assay (Sigma-Aldrich). Briefly, the cells were plated into 96-well plates at a density of 1x10 4 cells/well. Following overnight incubation, the cells were treated with the indicated concentrations of CoCl 2 (50, 100, 150, 200, 250, 300, 500 and 1,000 µmol/l) for 24 h. A total of 20 µl MTT solution (5 mg/ml) was subsequently added to each well and incubated for 4 h at 37˚C. Blotting nutrient solution and 150 µl dimethyl sulfoxide (DMSO; Sigma-Aldrich) were placed in each well. Following agitation for 10 min, the absorption value of each well was measured at 570 nm using an enzyme-linked immune detector (Softmax PRO M2, Molecular Devices, Sunnyvale, CA, USA). Cell viability was expressed as the percentage of viable cells relative to the untreated cells. All experiments were performed in triplicate.
Transmission electron microscopy (TEM)
. TEM was performed, as previously described (15) . The ACC-M cells (1x10 6 ) were incubated with DMSO (control) and 200 µM CoCl 2 for 24 h at 37˚C. The cells were then fixed with 2% glutaraldehyde (Beijing Chemical Industry Group, Co., Ltd., Beijing, China) in 0.1 M Sorensen buffer (pH 7.3; Beijing Chemical Industry Group, Co., Ltd.) for 1 h at 4˚C, and post-fixed in 1% osmium tetroxide (Beijing Chemical Industry Group, Co., Ltd.) in 0.1 M cacodylate buffer (Beijing Chemical Industry Group, Co., Ltd.) for 1 h at room temperature. The specimens were dehydrated through a graded series of ethanol (30-90%), and embedded in Epon (Beijing Chemical Industry Group, Co., Ltd.). Following staining with 2% uranyl acetate (Beijing Chemical Industry Group, Co., Ltd.), thin sections (50-70 nm) were prepared with a UC7 microtome (Leica, Wetzlar, Germany). were observed using a JEM-1200EX Transmission Electron Microscope (JEOL, Ltd., Tokyo, Japan).
Immunofluorescence staining. A total of 2x10 5 ACC-M cells were grown on coverslips in 6 cm dishes, allowed to attach by overnight incubation at 37˚C, and then cultured with DMSO (control) or 200 µM CoCl 2 for 24 h. At the end of treatment, the cells were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde (Beijing ComWin Biotech Co., Ltd., Beijing, China); for 20 min, washed twice with PBS for 5 min and permeabilized with 0.5% Triton X-100 (Beijing ComWin Biotech Co., Ltd.) for 10 min. Following washing with PBS, the cells were incubated with primary antibody at 4˚C overnight. For LC3 localization detection, the cells were incubated with rabbit anti-LC3B antibody (1:50 diluted in 5% non-fat milk, polyclonal, cat. no. L8918); fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin (Ig) G (1:50 diluted in 5% non-fat milk, cat. no. cw0114) (both from Beijing ComWin Biotech Co., Ltd., Beijing, China) for 1 h at 4˚C. The nuclei were then counterstained with DAPI (Beijing ComWin Biotech Co., Ltd.); for 7 min, and observed under a fluorescence microscope ((TE2000; Nikon Corporation, Tokyo, Japan). In order to further identify the hypoxia-induced autophagy pathway, double immunofluorescence labeling was performed by simultaneous incubation of mouse anti-BNIP3 (1:100 diluted in 5% non-fat milk, monoclonal, cat. no. sc56167); rabbit anti-HIF-1α (1:100 diluted in 5% non-fat milk, polyclonal, cat. no. sc10790); tetramethylrhodamine-conjugated goat anti-mouse IgG (1:50 diluted in 5% non-fat milk, cat. no. cw0167) (both from Beijing ComWin Biotech Co., Ltd, Beijing, China) for 1 h at 37˚C. The subsequent staining procedure was performed, as described for the LC3B-positive cells.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from cells using TRIzol reagent (Takara Biotechnology, Co., Ltd., Dalian, China), according to the manufacturer's instructions. Reverse transcription of 1 µg total RNA was performed with the PrimeScript™ RT reagent kit (Takara Biotechnology, Co., Ltd.) with gDNA Eraser (Takara Biotechnology, Co., Ltd.), according to the manufacturer's instructions. The total 20 µl reacting solution included 10 µl SYBR ® Green mix (Takara Biotechnology, Co., Ltd.), 0.8 µl PCR forward primer, 0.8 µl PCR reverse primer, 0.4 µl ROX reference dye, 2 µl cDNA and 6 µl dH 2 O. The ACC-M cells were detached and homogenized using TRIzol ® (Takara Biotechnology Co., Ltd.) and total RNA was extracted. RT-qPCR was performed using a Roche Light Cycler 480 (Roche Diagnostics GmbH, Mannheim, Germany) in a total volume of 20 µl reacting solution. The following gene-specific primers were used: HIF-1α forward, 5'-CATCAGTTGCCACTTCCACATAA-3' and reverse, 5'-GAGAACCATAACAAAACCATCCAAG-3'; BNIP3 forward, 5'-GCTTCTGAAACAGATACCCATAGCA-3' and reverse, 5'-CGACTTGACCAATCCCATATCC-3'; LC3B forward, 5'-AAACGCATTTGCCATCACA-3' and reverse, 5'-GGACCTTCAGCAGTTTACAGTCAG-3'; and β-actin forward, 5'-TGGCACCCAGCACAATGAA-3' and reverse, 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3' (Takara Biotechnology Co., Ltd.). The cycling conditions were identical for all primers. SYBR ® Green Mix (Takara Biotechnology Co., Ltd.) was used to determine the abundance of mRNA, and the mRNA levels were calculated relative to those of β-actin. The reaction conditions were as follows: Stage 1, one cycle as 95˚C for 30 sec; stage 2, 40 cycles at 95˚C for 5 sec, and 60˚C for 34 sec; followed by a dissociation stage (95˚C for 15 sec; 60˚C for 1 min; 95˚C for 15 sec). The comparative threshold cycle (2 -ΔΔCT ) method was used to quantify the mRNA expression levels of these genes.
Western blot analysis.
To extract the total protein of the cells, the treated cells were washed three times with ice-cold PBS, and then lysed in lysis buffer (RAPA:phenylmethylsulfonyl fluoride, 100:1; Shennong Bocai Biotechnology Co., Ltd., Shanghai, China). A bicinchoninic acid protein assay kit (Shennong Bocai Biotechnology Co., Ltd.) was used to quantify the total protein content, expressed in mg/ml. Samples containing equal quantities of protein were resolved using 10-15% SDS-PAGE gels (Shennong Bocai Biotechnology Co., Ltd.) and transferred onto polyvinylidene fluoride membranes (Shennong Bocai Biotechnology Co., Ltd.). The membranes were then incubated with primary antibodies targeting HIF-1α (1:750), BNIP3 (1:1,000), LC3B (1:1,000) and Beclin 1 (1:1,000) overnight. The membranes were subsequently incubated with peroxidase-conjugated secondary antibodies for 60 min. Protein bands incubated with enhanced chemiluminescence reagents (Shennong Bocai Biotechnology Co., Ltd.) were visualized using an Alpha Imager 2200 system (Alpha Innotech Corporation, San Leandro, CA, USA). To ensure equal protein loading, each membrane was stripped and reprobed with anti-GAPDH antibody (1:1,000). GAPDH was used as a control for protein level quantification. The band density was quantified by the Quantity One image processing program, version 4.62 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Statistical analysis. The data are expressed as the mean ± standard error of the mean of at least three independent experiments. Statistical comparisons between groups were performed using two-tailed Student's t-test. Statistical analysis was performed using SPSS 15.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Cell viability assay. In the present study, ACC-M cells were treated with hypoxia mimetic CoCl 2 . An MTT assay was used to quantify the viability of the ACC-M cells treated with CoCl 2 . As shown in Fig. 1 , CoCl 2 markedly reduced the viability of the ACC-M cells in a clear dose-dependent manner. According to the experimental data, the 50% inhibitory concentration of CoCl 2 in the culture system was ~200 µmol/l.
Autophagosome formation in ACC-M cells in response to CoCl 2 .
Our previous study reported that autophagy-associated protein expression was observed in ACC tissue samples (14) . In order to examine whether hypoxia induced autophagy in the ACC-M cells, the present study used morphological analyses. LC3-II is conjugated with phosphatidylethanolamine and is present on isolated membranes and autophagosomes. Although LC3 has several homologs in mammals, LC3B is most commonly used for autophagy assays (17) . Therefore, immunostaining with LC3B was used in the present study to observe the formation of autophagosomes. Increased numbers of cytoplasmic puncta tethered with LC3B were present in the CoCl 2 -treated ACC-M cells, compared with the untreated cells ( Fig. 2A) . These results suggested the formation of autophagosomes in the ACC-M cells. TEM was used for further confirmation. Numerous autophagosome-like structures consisting of double membranes were observed in the CoCl 2 -treated ACC-M cells, compared with untreated cells, which was indicative of autophagosome formation (Fig. 2B ). In conclusion, these results indicated that the CoCl 2 mimetic hypoxia induced the formation of autophagosomes in the ACC-M cells.
Involvement of the HIF-1α/BNIP3 signaling pathway in CoCl 2 -induced autophagy in ACC-M cells.
Increasing evidence has demonstrated that the HIF-1-dependent signaling pathway is important in hypoxia-induced autophagy (18) . In addition, BNIP3, a downstream gene regulated by HIF-1, has been demonstrated to be essential for the HIF-1-dependent signaling pathway in several cell lines (19, 20) . The present study demonstrated the involvement of the HIF-1α/BNIP3 signaling pathway in CoCl 2 -induced autophagy in ACC. As shown in Fig. 3A , treatment of the ACC-M cells with 200 µmol/l CoCl 2 resulted in a marked increase in the protein expression levels of HIF-1α and BNIP3 at different time-points. Double immunofluorescence labeling of HIF-1α and BNIP3 confirmed the expression of HIF-1α in the nucleus, and expression of BNIP3 in the cytoplasm (Fig. 3D) , whereas fluorescence in the untreated cells was limited (data not shown). As shown in Fig. 3C , the mRNA expression levels of HIF-1α were not affected by CoCl 2 treatment; however, following 24 h of treatment with CoCl 2 , a ~6-fold increase in the mRNA expression of BNIP3 was observed (P<0.001). With regards to autophagy-associated gene expression in ACC, a marked increase in the expression of LC3B-II was observed, however, minimal change was detected in the expression of LC3B-I (Fig. 3B) . The mRNA expression levels of LC3B were also significantly increased following 24 h of treatment with CoCl 2 (P<0.001; Fig. 3C ). In addition, an increase in the expression of Beclin 1 was detected using western blot analysis (Fig. 3B) . These results suggested that the mimetic hypoxia induced autophagy in the ACC-M cells and that the HIF-1α/BNIP3 signaling pathway is essential for hypoxia-induced autophagy in ACC.
Inhibition of autophagy attenuates tumor invasion induced by hypoxia in ACC-M cells.
In the present study, a cell invasion assay was used to determine the effect of mimetic hypoxia on tumor invasion. Compared with the untreated cells, invasive cell numbers under mimetic hypoxia were significantly increased (P<0.001; Fig. 4A and B) . To further examine the role of hypoxia-induced autophagy in tumor invasion in ACC, the ACC-M cells were treated with or without CQ (10 µM and 20 µM) under mimetic hypoxia. The number of invading ACC-M cells under mimetic hypoxia was markedly reduced 24 h after CQ treatment (Fig. 4C and D) , and higher concentrations of CQ had an increased effect on the inhibition of tumor invasion, compared with lower concentrations (P<0.001).
Discussion
Our previous study reported that autophagy may be important in the tumorigenesis of ACC (14) . Considering the A B ubiquitous existence of hypoxia in ACC (10, 11) , the present study investigated whether hypoxia induces autophagy in ACC, and investigated its role in tumor invasion. To the best of our knowledge, the present study is the first to report the effects of CoCl 2 on autophagy in ACC. In the present study, mimetic hypoxia induced by CoCl 2 markedly upregulated the formation of autophagosome, and the expression levels of autophagy-associated genes. In addition, the results demonstrated that HIF-1α and its target gene, BNIP3, are important in hypoxia-induced autophagy in ACC. Exposure to CoCl 2 increased the number of invading cells, and inhibition of autophagy attenuated hypoxia-induced tumor invasion in ACC-M cells.
Hypoxia develops in tumors due to incomplete vascular supply and increasing demand for oxygen, compared with normal tissues (4). Accumulating evidence suggests that hypoxia exists in the majority of types of head and neck cancer and is indicated as an important negative factor (4). CoCl 2 has been widely used to mimic hypoxia, which can disturb the degradation of HIF-1α and lead to its overexpression (21) . Previous studies have demonstrated that CoCl 2 induces apoptosis and autophagic cell death in several cell types, including human periodontal ligament cells (22) and neuroblastoma cells (23) , and increasing CoCl 2 doses affects cell viability in a dose-dependent manner (24) , which was also demonstrated in in ACC-M cells in the present study. As a transcriptional factor, HIF-1α moves to the nucleus and forms a complex with HIF-1β, where it induces the transcription of numerous genes, including BNIP3 (7) (8) (9) . BNIP3 is a BH3-only Bcl-2 family member regulated by HIF-1, and has been identified as one of the most prominent hypoxia-responsive genes (25) . Under hypoxic conditions, the expression levels of BNIP3 and BNIP3L are elevated and contribute to hypoxia-induced cell death (25) . Vengellur et al (26) demonstrated that the expression of BNIP3 is HIF-1α-dependent, and CoCl 2 induces their expression in a time-and dose-dependent manner in mouse embryonic fibroblasts (26) . Concordant with these studies, the protein and mRNA expression levels of BNIP3 were elevated following CoCl 2 treatment in a time-dependent manner in the present study.
Autophagy is a lysosomal degradation pathway, which involves the degradation and recycling of cytoplasm material. Autophagy is characterized by at least four fundamental steps: Induction; entrapment of organelles and cytoplasm in double-membrane vesicles, termed autophagosomes; autophagosome docking and fusion with the lysosome or vacuole; and autophagic body degradation (27) . Hypoxia is able to rapidly induce autophagy in an HIF-1-dependent pathway. By investigating HIF-knockdown cells, Bohensky et al (28) demonstrated that HIF-1 modulates the induction of autophagic proteins by regulating the association between Bcl-2 and Beclin 1. In a previous study on the functional and physical interactions between Bcl-2 and Beclin 1, the BH3 domain was demonstrated to be involved in autopahgy (29, 30) . Consequently, members of the BH3-only subfamily, including BNIP3, are under further investigation. Bellot et al (19) demonstrated that the atypical BH3 domains of hypoxia-induced BNIP3/BNIP3L induce autophagy by disrupting the Bcl-2/Beclin 1 complex without inducing cell death (19) . These findings suggest that the HIF-1α/BNIP3 signaling pathway may be important in mimetic hypoxia-induced autophagy in ACC. The results of the present study demonstrated that exposure to CoCl 2 resulted in overexpression of HIF-1 and activation of BNIP3, as well as upregulation of autophagosome formation and in the expression levels of Beclin 1 and LC3-II. Therefore, the results of the present study demonstrated that mimetic hypoxia by CoCl 2 was able to induce autophagy via the HIF-1α/BNIP3 signaling pathway in ACC.
By affecting the degradation of the basement membrane and extracellular matrix (ECM), modulation of cell adhesion molecules and cell migration, hypoxia is able to promote tumor invasion and metastasis (31) . In ACC-M cells in the present study, exposure to mimetic hypoxia markedly increased tumor invasion. A previous study demonstrated that hypoxia-induced autophagic stroma, including fibroblasts and ECM, are important in tumor invasion and metastasis via paracrine secretion (27) .
Whether autophagy of tumor cells is involved in the process of invasion and metastasis remains to be fully elucidated, therefore, investigations to examine the effects of autophagy on tumor invasion are required. Macintosh et al (32) investigated the role of autophagy in tumor cell invasion using a three-dimensional (3D) organotypic model. The results demonstrated that inhibition of autophagy by shAtg12 failed to affect cell migration, but impaired tumor invasion in the 3D organotypic model (32) . These results are concordant with the findings of the present study, which demonstrated that inhibition of autophagy attenuated hypoxia-induced tumor invasion in ACC-M cells. To further investigate the molecular mechanism underlying the role of autophagy in tumor invasion, Li et al (33) reported that autophagy promoted hepatocellular carcinoma cell invasion through activation (34) demonstrated that the autophagy induced by CoCl 2 treatment increases tumor invasion through supplementation of adenosine triphosphate (ATP). These findings suggested that recruitment of ATP supplied by autophagy may be vital to tumor invasion. These results are concordant with those of a previous report that demonstrated that ATP induces the release of matrix metalloproteinase 9 to support invasion (35). Indelicato et al (36) reported that activation of autophagy also inhibits tumor invasion via the induction of HIF-1α degradation by autophagy. However, whether inhibition or activation of autophagy attenuates tumor invasion remains to be elucidated. In the present study, CQ was selected as an autophagic inhibitor. CQ and hydroxyl-CQ are the only autophagic inhibitors used in clinical trials at present (12) . The results of the present study indicated that combining traditional treatment with autophagic target therapy may be efficient in suppressing tumor invasion of ACC. However, identifying the regulatory mechanism underlying autophagy in tumor invasion is important in order for autophagy to be targeted in future treatment.
In conclusion, the results of the present study revealed that CoCl 2 mimetic hypoxia induced autophagy in ACC, and the HIF-1α/BNIP3 signaling pathway was important in the activation of hypoxia-induced autophagy in ACC. Furthermore, inhibition of autophagy suppressed tumor invasion induced by hypoxia. These findings reinforce the importance of autophagy in tumor progression and indicate that manipulation of hypoxia-induced autophagy may offer a novel target for ACC therapy.
